Introduction
============

Chloroquine (CQ)[^2^](#FN3){ref-type="fn"} is a widely prescribed anti-malarial agent and is also used for treatment of autoimmune diseases including systemic lupus erythematodes and rheumatoid arthritis ([@B1]). However, CQ can have serious side effects such as retinopathy, gastrointestinal malaise, pruritus, and visual disturbances ([@B2]). Retinal toxicity of CQ has been extensively studied since its first description in 1957 ([@B3]). CQ also caused severe acute hepatitis in a patient with autoimmune disease ([@B4]) and led to fulminant hepatic failure in patients with chronic rheumatological disorders ([@B5]). As a weak base, CQ enters acidic organelles as an uncharged molecule, becoming protonated in the matrix of acidic organelles ([@B6]). The loss of protons by protonation of CQ causes the neutralization of the lumenal pH of acidic organelles. Accumulation of protonated CQ in acidic organelles induces osmotic swelling and the release of lysosomal hydrolases ([@B7]). Thus, neutralization of acidic organelles and the release of lysosomal hydrolases have been considered as the main causes of CQ-induced cytotoxicity.

α-Tocopherol transfer protein (α-TTP) is a cytosolic protein that binds α-tocopherol (vitamin E) and transfers it between separate cellular organelles. α-TTP is expressed mainly in the liver and regulates plasma α-tocopherol levels. α-TTP gene mutations cause severe vitamin E deficiency in humans, a disease known as familial isolated vitamin E deficiency ([@B8]). In addition, α-TTP KO mice show symptoms similar to those of familial isolated vitamin E deficiency patients ([@B9]).

We reported previously that CQ treatment causes α-TTP, which is normally distributed homogenously throughout the cytosol, to be translocated to the surface of acidic organelles in hepatocytes ([@B10]). Qian *et al.* ([@B11]) showed that α-TTP translocates transiently to the acidic organelles even in the absence of CQ in their α-TTP-transfected McARH7777 cells.

In this study, we found that McARH7777 cells, which do not express α-TTP endogenously, are more vulnerable to CQ toxicity than α-TTP-transfected McARH7777 cells. Consistent with these data, α-TTP KO mice showed more severe CQ toxicity, such as hepatitis and retinopathy, than wild-type mice. Accumulation of CQ in the acidic organelles of McARH7777 cells was suppressed by α-TTP expression, which may account for the protective effect of α-TTP against CQ cytotoxicity. We propose from these results that α-TTP is a novel endogenous determinant of CQ toxicity.

EXPERIMENTAL PROCEDURES
=======================

### 

#### Cell Cultures, Reagents, and Animals

McARH7777, McA-TTP, McA-CT1, and McA-CT6 cells were grown as described previously ([@B12]). The mouse anti-rat monoclonal antibody against α-TTP (AT-R1) ([@B13]) or anti-myc mAb (9E10) was used for immunofluorescence studies. Specific anti-rat LAMP-1 antibody was a kind gift from Dr. Akasaki (The University of Fukuyama, Fukuyama, Japan). The anti-caspase-3 antibody and anti-NPC1 antibody were purchased from Cell Signaling Technology (Boston, MA) and Novus Biologicals (Littleton, CO), respectively. α-TTP knockout mice were a kind gift from Chugai (Shizuoka, Japan).

#### Cell Viability

Cell viabilities were quantified by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide assay and expressed as percentages of non-treated cells.

#### Immunocytochemistry and Acridine Orange Staining

McARH7777, McA-TTP, McA-CT1, and McA-CT6 were cultured on collagen-coated coverslips and immunostained as described previously ([@B10]). The anti-rat antibody against α-TTP (AT-R1), anti-myc antibody, and anti-rat LAMP-1 antibody were used. Acridine orange (AO) staining was performed as described previously ([@B14]). Cells were loaded with 5 μg/ml AO for 10 min at 37 °C and observed.

#### Hepatospecific Serum Markers and Histopathological Studies of Animal Experiments

Starting at 4 weeks of age, mice were fed a control diet (0.002 weight % α-tocopherol) or an α-tocopherol excess diet (0.1 weight % α-tocopherol) for 4 weeks. At 8 weeks of age, wild-type mice and α-TTP KO mice were divided into two groups, a control group (single oral administration of saline, *n* = 5) and a CQ-treated group (single oral administration of 100 mg/kg CQ, *n* = 5). Twenty-four hours after treatment, blood and liver were collected. Activity of serum AST was assayed by using the Transaminase C2-test kit (Wako Pure Chemical Industries, Osaka, Japan). Liver tissues were embedded in paraffin. 5-μm sections were stained with hematoxylin-eosin.

#### Histopathological Studies of Retinal Tissue

Male wild-type mice (*n* = 10) and male α-TTP KO mice (*n* = 10) were divided into 2 groups each, a control group (daily oral administration of saline, *n* = 5) and a CQ-treated group (daily oral administration of 100 mg/kg/day, *n* = 5). After 14 days of administration, the eyeballs were dissected and embedded in paraffin. 5-μm sections were stained with hematoxylin-eosin. The ganglion cells in the same range (500 μm) of the ganglion cell layer were counted.

#### Immunohistochemistry of Retinal Tissue

Immunohistochemistry was performed as described previously ([@B15]). The anti-mouse α-TTP antibody (A8-F1) or the glutamine synthetase antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) were used.

#### Accumulation of \[^3^H\]CQ in McARH7777 and McA-TTP Cells

The levels of \[^3^H\]CQ were measured with a liquid scintillation counter ([@B16]). The McARH7777 and McA-TTP cells were seeded in 24-well plates. The following day, the medium was removed, and the cells were washed with 2 ml PBS (containing 0.5 m[m]{.smallcaps} MgCl~2~ and 0.9 m[m]{.smallcaps} CaCl~2~) at room temperature. The cells were incubated with 0.4 ml PBS with 10 m[m]{.smallcaps} glucose for 15 min. At *t* = 0 min, 100 μl of \[^3^H\]CQ (\[^3^H\]CQ = 40 n[m]{.smallcaps}, specific radioactivity = 5 Ci/mmol) in PBS with 10 m[m]{.smallcaps} glucose was added. Uptake was stopped by adding 2 ml of cold PBS after the indicated periods of time. Then PBS was removed, and cells were solubilized and spun for 10 min at 10,000 × *g* in a microcentrifuge. Supernatants were counted in a liquid scintillation counter. CQ uptake is expressed as pmol/mg protein.

#### RNA Interference

A control siRNA and an siRNA directed against the rat Niemann-Pick type C1 gene were obtained from Nippon EGT (Toyama, Japan). The siRNAs were transfected into cells by using Lipofectamine RNAiMAX according to the manufacturer\'s protocols.

RESULTS
=======

### 

#### α-TTP Inhibits CQ-induced Vacuole Formation and Cell Death

McARH7777 rat hepatoma cells, which do not express α-TTP endogenously ([@B17]), showed large vacuoles in their cytoplasm after addition of 100 μ[m]{.smallcaps} CQ ([Fig. 1](#F1){ref-type="fig"}*A*, *b*). Large vacuoles were stained by the antibody against LAMP-1, a major component of the lysosomal membrane, indicating that CQ treatment increased the size of acidic organelles ([Fig. 1](#F1){ref-type="fig"}*B*, *b*). In contrast, smaller vacuoles were seen in α-TTP-transfected McARH7777 cells (*McA-TTP*) after the same treatment ([Fig. 1](#F1){ref-type="fig"}*A*, *d*). At 100 μ[m]{.smallcaps} CQ, the viability of McARH7777 cells decreased with time, dropping to only 11% of non-treatment controls after 36 h ([Fig. 1](#F1){ref-type="fig"}*C*). In contrast, the viability of McA-TTP cells remained high (84% of non-treatment controls) under the same regimen.

![**α-TTP inhibits CQ-induced vacuole formation and cell death.** *A* and *B*, McARH7777 and McA-TTP cells were incubated for 18 h in the absence (*a*, *c*) or presence of 100 μ[m]{.smallcaps} CQ (*b*, *d*). Cells were observed by using light-microscope (*A*) and immunostained with anti-LAMP-1 antibody (*green*) and DAPI (*blue*) *B*, *arrows* indicate vacuole formation, and *arrowheads* indicate enlarged acidic organelles. *Scale bars* = 10 μm. *C*, viabilities of McARH7777 and McA-TTP cells after 100 μ[m]{.smallcaps} CQ treatment (mean ± S.D.). A time-dependent decrease of viability was shown for McARH7777 cells. \*\*, *p* \< 0.001 compared with the viability of McA-TTP cells (unpaired Student\'s *t* test). *D*, Western blot analysis of McARH7777 and McA-TTP cells before and after CQ treatment using anti-caspase-3 antibody.](zbc0061295280001){#F1}

Boya *et al.* ([@B18]) demonstrated that CQ provoked mitochondrial release of cytochrome *c* and the activation of caspase-3 as detected with an antibody specific for the large subunit of caspase-3 in HeLa cells. Consistent with this study, a 17-kDa activated caspase-3 band was detected in McARH7777 cells exposed to CQ for more than 6 h. This band was not detected in McA-TTP cells ([Fig. 1](#F1){ref-type="fig"}*D*). From these results, we found that CQ-induced hepatocyte toxicity was greatly prevented by α-TTP expression in the cell.

#### CQ-induced Hepatotoxicity in the α-TTP Knockout Mice

To determine whether α-TTP has the same effect against CQ-induced hepatotoxicity *in vivo*, we challenged α-TTP KO mice with CQ. No significant changes were evident in the AST activity of wild-type mice treated with 100 mg/kg CQ ([Fig. 2](#F2){ref-type="fig"}*A*). In contrast, AST activity was significantly greater in CQ-treated α-TTP KO mice than in wild-type mice. In wild-type mice, no changes in liver histology were evident after CQ treatment under the present conditions ([Fig. 2](#F2){ref-type="fig"}*B*, *a*). In α-TTP KO mice, however, hepatocyte degeneration and microvesicular formation were observed under the same conditions ([Fig. 2](#F2){ref-type="fig"}*B*, *b*). No hepatic changes were detected in α-TTP KO mice not treated with CQ. These histopathological changes in hepatocytes of α-TTP KO mice were comparable with the changes in CQ-treated McARH7777 cells.

![**α-TTP KO mice are easily affected by CQ hepatotoxicity.** Male 8-week-old wild-type (WT) and α-TTP KO (KO) mice that were fed a control or α-tocopherol excess diet starting at 4 weeks of age were divided into two groups, a control group (single oral administration of saline) and a CQ-treated group (single oral administration of 100 mg/kg CQ) as described. *A*, changes of AST activity in α-TTP KO and WT mice. Significant effects were assessed by one-factor ANOVA (Tukey). \*, *p* \< 0.01; \*\*, *p* \< 0.001. *B*, liver tissues collected from CQ-treated WT mice (*a*) and α-TTP KO mice (*b*). Sections were stained with hematoxylin-eosin. *Arrowheads* indicate hepatocyte degeneration and microvesicular formation. *Scale bars* = 25 μm.](zbc0061295280002){#F2}

#### Enhanced CQ Toxicity in Retinal Tissue of α-TTP KO Mice

Although α-TTP was first described as a hepatic protein ([@B17]), it was subsequently localized in many other tissues, namely in rat brain ([@B19]), in pregnant mouse uterus ([@B15]), and in the retina ([@B20]). Because retinopathy is one of the most serious side effects of clinical treatment with CQ, we compared CQ-induced retinopathy between α-TTP KO mice and wild-type mice. In wild-type mice, immunostaining of α-TTP was observed throughout the retinal layers, including the inner limiting membrane, ganglion cell layer (GCL), inner plexiform layer, outer plexiform layer, outer limiting membrane, rod inner segments, and rod outer segments ([Fig. 3](#F3){ref-type="fig"}*A*, *b*), whereas no remarkable immunostaining was observed in retinal sections from α-TTP KO mice (*a*). The immunostaining pattern of α-TTP was intense in both the inner limiting membrane and outer limiting membrane (*arrowheads* in [Fig. 3](#F3){ref-type="fig"}*A*, *b*). In addition, fibriform vertical staining was observed in the outer nuclear layer (*arrows* in [Fig. 3](#F3){ref-type="fig"}*A*, *b*). This staining pattern corresponds well to the immunostaining pattern of glutamine synthetase ([Fig. 3](#F3){ref-type="fig"}*A*, *c*) ([@B21]), a specific marker of Müller glial cells, suggesting that α-TTP is expressed in Müller cells. Expressions of α-TTP was also observed in other cell types, including the retinal ganglion cells that correspond to immunostaining in GCL, the photoreceptor cells that correspond to immunostaining in rod inner segments and rod outer segments, and the vascular endothelial or perivascular cells.

![**Localization of α-TTP in retinal tissue and CQ-induced histopathological changes of α-TTP KO mice.** *A*, immunohistochemistry for α-TTP (*a*, *b*) and glutamine synthetase (*c*) in retinal tissues from α-TTP KO mice (*a*) and WT mice (*b*, *c*). Fibriform vertical staining, a specific staining pattern of Müller cell, is observed in both *b* and *c* (*arrows*). *Scale bars* = 50 μm. *B*, representative images of hematoxylin-eosin staining in retinal tissues from CQ-untreated WT (*a*) and α-TTP KO mice (*b*), and CQ-treated WT (*c*) and α-TTP KO mice (*d--f*). Disarrangement of GCL and INL because of presences of vacuolar spaces (*arrows* in *e* and *f*) and shrinkage of nuclei (*arrowheads* in *e*) are observed in retinal sections from CQ-treated α-TTP KO mice. *Scale bars* = 50 μm (*a--d*) and 10 μm (*e* and *f*). *C*, quantification of ganglion cell numbers in the GCL (means ± S.D., *n* = 5 in each group). Significant effects of treatment were assessed by two-factor analysis of variance (Tukey\'s post hoc test). \*, *p* \< 0.01, \*\*, *p* \< 0.001. *ILM*, inner limiting membrane; *IPL*, inner plexiform layer; *OPL*, outer plexiform layer; *ONL*, outer nuclear layer, *OLM*, outer limiting membrane; *RIS*, rod inner segment; *ROS*, rod outer segment.](zbc0061295280003){#F3}

The retinal cell layer, when stained with hematoxylin-eosin, was not remarkably changed in CQ-treated wild-type mice ([Fig. 3](#F3){ref-type="fig"}*B*, *c*) but was remarkably disarranged in GCL and INL of CQ-treated α-TTP KO mice ([Fig. 3](#F3){ref-type="fig"}*B*, *d*). The disarrangement of the retinal cell layer was caused by the formation of vacuolar spaces in the GCL (*arrows* in [Fig. 3](#F3){ref-type="fig"}*B*, *e*) and INL (*arrows* in *f*) and by nuclear shrinkage in the GCL (*arrowheads* in *e*). The number of nuclei in the GCL was significantly lower in CQ-treated α-TTP KO mice than in the other three groups ([Fig. 3](#F3){ref-type="fig"}*C*). This result, together with the nuclear shrinkage in the GCL, suggests a selective loss of retinal ganglion cells in the CQ-treated α-TTP KO mice. The localization of the vacuolar spaces observed in the GCL and INL coincide with the localization of cellular bodies of Müller glial cells, which extend to both the GCL and INL, and ganglion cells, which extend to the GCL. The vacuolar spaces in these cell layers correspond well with the microvesicular formations observed in CQ-treated McARH7777 cells. Taken together, these results strongly suggest that the retinal localizations of α-TTP are causally related to both the CQ-induced selective loss of ganglion cells and the specific microvesicular changes in Müller and/or ganglion cells.

#### Vitamin E Status Is Not Related to CQ-induced Hepatotoxicity

In α-TTP KO mice fed a normal diet (36 mg of α-tocopherol/kg diet), plasma α-tocopherol concentrations were very low ([@B22]). It is thus possible to assume that enhanced CQ-induced toxicity in α-TTP KO mice is related to the vitamin E status in the tissues and/or extracellular fluids. Feeding α-TTP KO mice a diet with excess α-tocopherol (567 mg α-tocopherol/kg diet) was found to increase plasma α-tocopherol levels to near the normal range ([@B22]) but did not prevent CQ-induced elevation of AST ([Fig. 2](#F2){ref-type="fig"}*A*) or histopathological changes in the liver ([Fig. 4](#F4){ref-type="fig"}*A*). Similarly, adding α-tocopherol to the culture media to a concentration of 50 μ[m]{.smallcaps} did not affect the viability of McARH7777 cells after CQ treatment ([Fig. 4](#F4){ref-type="fig"}*B*). Fifty micromolar α-tocopherol was found to show significant protection from MeHg-induced neuronal cell death in primary cultured cerebellar granule cells ([@B23]). These results imply the unexpected result that vitamin E is not able to protect against CQ-induced hepatotoxicity either *in vitro* or *in vivo*.

![**α-Tocopherol is not able to protect against CQ toxicity.** *A*, α-TTP KO mice were fed a control diet (*a*) or α-tocopherol excess diet (*b*). Liver tissues were collected 24 h after single oral administration of 100 mg/kg CQ. Sections were stained with hematoxylin-eosin. The *arrows* indicate hepatocyte degeneration and microvesicular formation. *Scale bars* = 25 μm. *B*, cell viabilities of McARH7777 and McA-TTP cells were measured 24 h and 36 h following treatment with 100 μ[m]{.smallcaps} CQ with/without the addition 50 μ[m]{.smallcaps} α-tocopherol.](zbc0061295280004){#F4}

#### Accumulation of α-TTP in Acidic Organelles Is Necessary for Inhibition of CQ Cytotoxicity

We reported previously that under CQ treatment, α-TTP translocates from the cytosol to the surface of acidic organelles, such as late endosomes and lysosomes, in cultured hepatocytes ([@B10]). We then examined whether translocation of α-TTP to acidic organelles is necessary for inhibition of CQ toxicity. By exploiting the fact that cellular retinaldehyde-binding protein (CRALBP), another member of the cytosolic lipid-binding/transfer protein family (Sec14 family), does not change its localization by CQ treatment, we previously constructed α-TTP and CRALBP chimeras to examine which part of α-TTP is necessary for the translocation ([@B10]). The CT1 chimera, in which a sequence of 20 amino acids from the N terminus of α-TTP was replaced with a sequence of 64 amino acids from the N-terminal sequence of CRALBP, was able to translocate from the cytosol to acidic organelles upon CQ treatment ([Fig. 5](#F5){ref-type="fig"}*A*, *b*) and could prevent the CQ toxicity, resulting in a cell viability similar to that of the wild-type α-TTP ([Fig. 5](#F5){ref-type="fig"}*B*). In contrast, the CT6 chimera, in which the first 50 amino acids from the N terminus of α-TTP were replaced with the first 94 amino acids from the N terminus of CRALBP, could not translocate upon CQ treatment ([Fig. 5](#F5){ref-type="fig"}*A*, *c*) and could not prevent the CQ toxicity ([Fig. 5](#F5){ref-type="fig"}*B*). As reported previously, both CT1 and CT6 chimeras are able to bind α-tocopherol ([@B10]). These results demonstrate that translocation of α-TTP to acidic organelles after CQ treatment was necessary to protect cells against CQ toxicity.

![**Distribution of two chimeric proteins of α-TTP, CT1 and CT6, after treatment with CQ and the possible protection of McA-CT1 and McA-CT6 cells against CQ treatment.** *A*, localization of α-TTP (*a*), CT1 (*b*), and CT6 (*c*) in the presence of CQ. Cells were incubated with 100 μ[m]{.smallcaps} CQ for 6 h and immunostained. *Scale bar* = 10 μm. *B*, cell viabilities after treatment with 100 μ[m]{.smallcaps} CQ for 18 and 24 h. Data were expressed as percentages of non-treated controls (mean ± S.D.). \*, *p* \< 0.01; \*\*, *p* \< 0.001, as compared with McARH7777 cells treated with same CQ concentrations under the same time periods (analysis of variance, Tukey\'s post hoc test).](zbc0061295280005){#F5}

#### Bafilomycin A1 Inhibits CQ-induced Cell Death

Because CQ has multiple effects on cellular physiology, such as acidic organelle neutralization ([@B6]) and sterol synthesis ([@B24]), we investigated the mechanism by which CQ causes liver cell death. As CQ inhibits lanosterol synthase, we tested other lanosterol synthase inhibitors such as N,N-dimethyldodecylamine *N*-oxide, and found no such toxicity in McARH7777 cells. Shacka *et al.* ([@B25]) reported that bafilomycin A1, a specific inhibitor of the vacuolar type H^+^-ATPase, inhibits CQ-induced cell death of mouse cerebellar granule neurons. Bafilomycin A1 raises the pH of acidic organelles and therefore suppresses the accumulation of CQ in them. Pretreatment of McARH7777 cells with bafilomycin A1 dose-dependently inhibited CQ toxicity ([supplemental Fig. S1](http://www.jbc.org/cgi/content/full/M111.321281/DC1)), as it does in other cell types. Twelve hours after pretreating McARH7777 cells with 100 n[m]{.smallcaps} bafilomycin A1, no vacuoles were observed, even in the presence of CQ.

#### Low pH Is Maintained in the Acidic Compartments of α-TTP-expressing Cells Even in the Presence of CQ

We hypothesized by analogy with the effect of bafilomycin A1 that the pH in the acidic organelles is raised in McA-TTP cells. To examine if α-TTP affects pH-changes in acidic organelles after CQ treatment, we used AO, a fluorescent weak base that accumulates in acidic spaces ([@B14]). The increase of lumenal pH induces the AO fluorescence color changes from orange to yellow and, finally, to green. As expected, pretreatment with bafilomycin A1 increased immediately the lumenal pH of acidic compartments, even in the presence of 100 μ[m]{.smallcaps} CQ ([Fig. 6](#F6){ref-type="fig"}, *i*, *j*, *k*, and *l*). In McARH7777 cells, the lumenal pH of acidic compartments was increased time-dependently by CQ ([Fig. 6](#F6){ref-type="fig"}, *a*, *c*, *e*, and *g*). Conversely, in McA-TTP cells, the lumenal pH of acidic compartments was not increased even in the presence of CQ ([Fig. 6](#F6){ref-type="fig"}, *b*, *d*, *f*, and *h*). These results imply that α-TTP functions to preserve the lumenal low pH against CQ-induced acidic organelle neutralization and that α-TTP protects liver cells from CQ toxicity through a mechanism distinct from the mechanism of bafilomycin A1.

![**Changes of lumenal pH in CQ-treated McARH7777 and McA-TTP cells.** McARH7777 (*a*, *c*, *e*, *g*, *i*, and *k*) and McA-TTP cells (*b*, *d*, *f*, *h*, *j*, and *l*) were stained with acridine orange. Cells were treated with 100 μ[m]{.smallcaps} CQ for 0 h (*a* and *b*), 1 h (*c* and *d*), 4 h (*e* and *f*), and 8 h (*g* and *h*). *i* and *j* show cells treated with 25 n[m]{.smallcaps} bafilomycin A1 (*Baf A1*). *k* and *l* show cells pre-treated with 25 n[m]{.smallcaps} bafilomycin A1 for 45 min before the addition of 100 μ[m]{.smallcaps} CQ. *Scale bar* = 10 μm.](zbc0061295280006){#F6}

#### CQ Is Not Accumulated in α-TTP-expressing Cells

van Es *et al.* ([@B16]) reported that \[^3^H\]CQ added to the medium accumulated time-dependently in Chinese hamster ovary cells. Furthermore, the accumulation was abolished by bafilomycin A1, indicating that most of \[^3^H\]CQ taken up by the cell is accumulated in the acidic organelles. We performed the same type of experiments using McARH7777 and McA-TTP cells. \[^3^H\]CQ accumulated in McARH7777 cells, but the accumulation was strongly inhibited by bafilomycin A1 ([Fig. 7](#F7){ref-type="fig"}*A*). In contrast, accumulation of \[^3^H\]CQ was significantly lower in McA-TTP cells than in McARH7777 cells ([Fig. 7](#F7){ref-type="fig"}*A*). Hydroxychloroquine (HCQ), another lysosomotropic antimalarial drug, is known to be fluorescent ([@B18]). Similarly to CQ, treatment with HCQ induced significant vacuole formation in the cytoplasm of McARH7777 cells but not in the cytoplasm of McA-TTP cells ([Fig. 7](#F7){ref-type="fig"}*B*, *a* and *c*). Intracellular localization of HCQ was determined by fluorescence microscopy. Autofluorescence of HCQ was detected as cytoplasmic granular pattern in McARH7777 cells ([Fig. 7](#F7){ref-type="fig"}*B*, *b*), whereas weak autofluorescence was detected in the cytosol of McA-TTP cells ([Fig. 7](#F7){ref-type="fig"}*B*, *d*). These results are compatible with the above observation that the lumenal pH of acidic compartments was not increased by CQ in McA-TTP cells and indicate that α-TTP functions to prevent CQ accumulation in acidic organelles.

![**Accumulation of \[^3^H\]CQ and HCQ in McARH7777 cells and McA-TTP cells.** *A*, cells were preincubated without/with 50 n[m]{.smallcaps} bafilomycin A1 (*Baf A1*) before the addition of \[^3^H\]CQ. *B*, subcellular localization of HCQ in McARH7777 (*a* and *b*) and McA-TTP cells (*c* and *d*). Cells were treated with 100 μ[m]{.smallcaps} HCQ for 6 h. Autofluorescence of HCQ (excitation 480 ± 40 nm, emission 527 ± 30 nm) was detected as described previously ([@B13]). Bright field image (*a* and *c*) and fluorescence image of HCQ (*b* and *d*) in same cells. *Scale bar* = 10 μm.](zbc0061295280007){#F7}

#### Niemann-Pick Type C1 Protein Is Involved in the Prevention of CQ Accumulation in α-TTP-expressing Cells

Because Niemann-Pick type C1 (NPC1) protein plays a role in the clearance of lysosomal amines ([@B26]--[@B29]), we examined whether it is also involved in the prevention of CQ accumulation in α-TTP-expressing cells. Western blotting showed that McA-TTP cells and McARH7777 cells expressed similar levels of NPC1 protein. Transfection of an siRNA against NPC1 efficiently reduced protein levels of NPC1 both in McARH7777 and McA-TTP cells ([Fig. 8](#F8){ref-type="fig"}*A*). NPC1 knockdown slightly increased the cellular \[^3^H\]CQ level in McARH7777 cells. Interestingly, NPC1 knockdown in McA-TTP cells increased the cellular \[^3^H\]CQ level to near that in control McARH7777 cells ([Fig. 8](#F8){ref-type="fig"}*B*). Consistent with this, NPC1 knockdown canceled the protective effect of α-TTP against CQ toxicity ([Fig. 8](#F8){ref-type="fig"}*C*). These results indicate that NPC1 is involved in α-TTP-mediated prevention of CQ accumulation.

![**NPC1 is required for the prevention of CQ accumulation in α-TTP-expressing cells.** *A*, a control siRNA (*siControl*) and NPC1 siRNA (*siNPC1*) were transfected into McARH777 and McA-TTP cells. After 72 h, cell lysates were prepared and subjected to a Western blot analysis using anti-NPC1 antibody. α-Tubulin expression was used as a loading control. *B* and *C*, cells were transfected with the indicated siRNA. At 72 h after transfection, accumulation of \[^3^H\]CQ in cells (*B*) and cell viabilities after treatment with 100 μ[m]{.smallcaps} CQ for 24 h (*C*) were measured. \*\*, *p* \< 0.001 (analysis of variance, Tukey\'s post hoc test).](zbc0061295280008){#F8}

DISCUSSION
==========

In this study, we showed that hepatotoxicity and retinopathy, prominent side effects of CQ, are more severe in α-TTP KO mice than in wild-type mice. Similarly, rat hepatoma McARH7777 cells, which do not express α-TTP endogenously, are more vulnerable to CQ-induced cytotoxicity than the α-TTP transfectant cells.

Vitamin E concentrations in the plasma of α-TTP KO mice are known to be very low. However, raising their plasma vitamin E concentration to near normal levels by adding vitamin E to the diet did not prevent the toxicity. This indicates that vitamin E deficiency was not a cause of CQ-induced hepatotoxicity and retinopathy in α-TTP KO mice. Adding excess vitamin E to the culture medium of McARH7777 cells also did not prevent CQ toxicity. Together, these data support the idea that vitamin E level is not related to CQ toxicity in α-TTP KO mice.

CQ, a lysosomotropic amine, enters acidic organelles as an uncharged molecule together with anions (*e.g.* chloride), becoming protonated in the matrix of the organelles ([@B6]). The loss of protons by protonation of CQ neutralizes the pH of the acidic organelles. Accumulation of protonated CQ in the acidic organelles induces osmotic swelling of these organelles and permeabilization of their membranes ([@B7]). Increased permeabilization should cause a release of lysosomal hydrolases such as cathepsins into the cytoplasm, which may in turn destroy cellular components. Release of lysosomal enzymes into the cytoplasm also induces apoptosis, either by directly activating caspase-11 ([@B30]) or by indirectly activating caspase-3 through mitochondrial membrane permeabilization ([@B18]). Indeed, CQ treatment in McARH7777 cells resulted in caspase-3 activation. Because bafilomycin A1, which raises the pH of acidic organelles, did not induce cell death but rather inhibited CQ toxicity, osmotic swelling and release of lysosomal enzymes rather than neutralization of lysosomal pH may be the major cause of at least the acute phase CQ toxicity.

Bafilomycin A1 raises the pH of acidic organelles, which in turn prevents protonation of CQ in the luminal space and subsequent osmotic swelling of acidic organelles. In sharp contrast, the expression of α-TTP did not affect the pH in the acidic organelles. The continuous proton-pumping into acidic organelles should cause protonated CQ to accumulate in the organelles, leading to osmotic swelling. However, enlarged acidic organelles were not observed in CQ-treated McA-TTP cells. Moreover, CQ was less concentrated in McA-TTP cells than in McARH7777 cells. Together, these results indicate that α-TTP prevents CQ accumulation in acidic organelles, thus preserving their low pH.

The hydrophobic pocket of α-TTP specifically binds to α-tocopherol ([@B31]). In this study, we performed several experiments to determine whether α-TTP can bind CQ as a ligand. Hosomi *et al.* ([@B13]) reported that α-tocopherol that had been incorporated into liposomes could be transferred to recombinant α-TTP and then transferred to other acceptor liposomes. We could not perform the same type of experiment with CQ because CQ cannot be incorporated into liposomes, possibly because it is less hydrophobic than α-tocopherol. We also examined the inhibitory action of CQ on the α-TTP-mediated α-tocopherol transfer and found no significant inhibition, even when CQ was present in excess ([supplemental Fig. S2](http://www.jbc.org/cgi/content/full/M111.321281/DC1)). These results indicate that CQ, unlike α-tocopherol, does not bind to the hydrophobic pocket of α-TTP. This idea is also supported by the observation that excess vitamin E did not affect CQ toxicity either *in vitro* or *in vivo*. α-TTP is mainly located in the cytosol under normal conditions but accumulates on the surface of enlarged acidic organelles upon CQ treatment ([@B10]). The present data also suggest that the binding of α-TTP to acidic organelles is essential for preventing CQ toxicity. Taken together, our results suggest a novel role for α-TTP. It prevents accumulation of CQ in acidic organelles by association with their surface through a mechanism distinct from vitamin E transport.

Although the mechanistic basis for the clearance of the lysosomal amines has remained unclear, several lines of evidence suggest that NPC1 has a functional role in their clearance. For example, the accumulation of a lysosomotropic drug in lysosomes of fibroblasts from NPC1 patients was greater than from normal subjects ([@B28]). Substantial amounts of endogenous hydrophobic amines such as sphingosine are concentrated in the lysosomes of liver from mice with NPC disease ([@B26]), and Lloyd-Evans *et al.* ([@B32]) demonstrated that sphingosine accumulation in lysosomes is an initiating factor in NPC1 disease pathogenesis. Krise and co-workers ([@B29]) proposed that NPC1 mediates lysosomal amine clearance through vesicular traffic rather than functions as a transmembrane pump ([@B27]). The observation that the decrease of the cellular CQ level by α-TTP expression was canceled by NPC1 knockdown ([Fig. 8](#F8){ref-type="fig"}*C*) indicates that α-TTP-dependent prevention of CQ accumulation is mediated by NPC1. This idea is also supported by the fact that α-TTP suppresses the accumulation of CQ without affecting lysosomal pH. At present, it is unclear how α-TTP activates NPC. Considering that the binding of α-TTP to the surface of acidic organelles is essential for lowering CQ toxicity, it is likely that α-TTP binds to NPC1 on the lysosomal membrane and stimulates the NPC1 activity. However, we could not detect direct binding of α-TTP to NPC1 with immunoprecipitation experiments. Moreover, NPC1 knockdown did not affect the lysosomal association of α-TTP upon CQ treatment. Further studies are needed to clarify how α-TTP participates in NPC1-mediated CQ clearance.

In this study, we also showed that α-TTP is localized in Müller cells of the mouse retina. Müller cells are the principal glial cells of the retina, responsible for many functions carried out by glial cells in the central nervous system ([@B33]). Because the photoreceptor outer segment membrane contains unusually high levels of polyunsaturated fatty acids ([@B34]), they are easily damaged by oxidation. α-TTP expressed in Müller cells may facilitate the transport of vitamin E from the plasma to neurons. Although patients with familial isolated vitamin E deficiency sometimes show retinitis pigmentosa at relatively old ages, the retinas of 8- to 12-week-old α-TTP KO mice appeared normal. CQ-induced retinopathy in α-TTP KO mice was not rescued by supplementation of excess vitamin E, suggesting that the more severe CQ-induced retinopathy in α-TTP KO mice than in wild-type mice is not due to severe oxidative stress. Our findings of vacuolation in Müller cells in CQ-treated α-TTP KO mice indicate that a mechanism similar to the vacuolation mechanism in hepatocytes is operating in the retina. Dysfunction of Müller cells may affect the viability of other retinal cells, such as neurons. The most prominent side effect of CQ is retinopathy. The American Academy of Ophthalmology has identified several risk factors for CQ retinopathy, including the dosage and duration of use, body habitus, renal or liver function, concomitant retinal disease, and age ([@B35]). On the basis of our present studies, α-TTP deficiency is considered as a new risk factor leading to CQ retinopathy.
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